Objectives: Severe hemorrhage is a common cause of death despite the recent advances in critical care. Conventional resuscitation fluids are designed to reestablish tissue perfusion, but they fail to prevent lethal inflammatory responses. Our previous studies indicate that ethyl pyruvate (EP) inhibits tumor necrosis factor (TNF) production from macrophages. Here, we analyze whether EP can provide a therapeutic anti-inflammatory value to resuscitation fluids.
T he innate immune system is an essential component of our defenses to trauma. But at the same time, it is one of the principle causes of morbidity and mortality in critical care (1, 2) . This effect is particularly dramatic in severe hemorrhage. After losing over 50% of the total blood volume, the system is unable to reestablish tissue perfusion. Thus, resuscitation fluids are classically designed to restore circulatory vol-ume and tissue perfusion. However, resuscitation can trigger systemic inflammatory responses that can be more dangerous than the original hemorrhage. Inflammatory cytokines such as tumor necrosis factor (TNF) cause lethal cardiovascular shock and multiple organ failure (1, 3) . TNF is one of the most characteristic cardiodepressant factors, as it appears to be a sufficient and necessary mediator of "hemorrhagic shock" (4, 5): a) TNF is found in patients and experimental models of "hemorrhagic shock"; b) TNF itself is capable of triggering the spectrum of hemodynamic, metabolic, and pathologic sequelae of "hemorrhagic shock"; and c) TNF neutralization attenuates cardiovascular shock. For these reasons, there is a great interest in inhibiting the production of inflammatory cytokines during resuscitation.
Ringer lactated is the most common resuscitation fluid used to restore circulating volume in critical care (6, 7) . The composition of Ringer's lactate solution resembles the physiologic composition of plasma. Advanced resuscitation fluids include Hextend, the novel plasma volume expander containing 6% hydroxyethyl starch in Ringer's lactate (8) . Hetastarch creates oncotic pressure, which is normally provided by blood proteins and permits retention of intravascular fluid. Hextend is being established as standard care for the Army's Special Forces because, as a plasma volume expander, it appears to be particularly indicated for scenarios of limited supplies including military operations and civilian mass casualties. Resuscitation with Hextend prevents multiple organ injury (9) and improves shortterm survival as compared with saline (10) . Still, advanced and common resuscitation fluids are based on lactated solutions. Lactic acid (2-hydroxypropanoic acid) is used as an inert compound to keep the osmolarity, but it fails to confer any therapeutic potential. Actually, recent studies suggest that lactate may exacerbate lactic acidosis during hypovolemia (11) . Unlike lactate, pyruvic acid (2ketopropanoic acid), a structurally similar natural molecule, has potential antioxidant and anti-inflammatory properties that protect mammalian cells against ischemic injury and cytotoxic damage (12) . Solutions containing pyruvate are beneficial in experimental models of stroke and hemorrhage (13) . Despite its therapeutic potential, the clinical use of pyruvate is hampered by its instability and toxicity (12) . Aqueous solutions of pyruvate spontaneously degrade via condensation and cyclization reactions to form 2,4-dihydroxy-2-methylglutarate, a mitochondrial poison (14) . These limitations appear to be overcome by ethyl pyruvate (EP), a stable lipophilic pyruvate derivative (15, 16) . EP is compatible with blood products, but unlike lactate, it can provide a therapeutic benefit to the Ringer's solution. EP is a stable, soluble, nontoxic compound that lacks the potential toxicity of pyruvate and is classified as general recognized as safe by the Food and Drug Administration.
Recently, we reported that EP was an effective anti-inflammatory compound that inhibited TNF production from human and murine macrophages (16, 17) . In vivo, EP attenuates systemic inflammation and improves survival in experimental sepsis (16 -21) and other models of systemic inflammation (22) (23) (24) (25) . However, a recent study indicates that a single dose of EP may worsen survival in endotoxemia (26) depending on the doses and time of administration (27) . These results reveal the need to study the mechanism of action of EP and the factors affecting its therapeutic potential (27) . These studies are of particular interest because a phase II trial using EP in cardiopulmonary bypass was recently terminated after the enrollment of 102 patients; yet the final results have not been reported (28) . Here, we have analyzed whether EP could provide an anti-inflammatory value to advanced resuscitation fluids such as Hextend. Because our previous studies indicated that some anti-inflammatory compounds were not effective in splenectomized animals, we analyzed the antiinflammatory potential of EP in both normal and splenectomized animals. If so, resuscitation with a small volume of Hextend supplemented with EP should provide a therapeutic advantage particularly relevant in scenarios of limited supplies.
Our results indicate that all animals resuscitated with EP survived lethal hemorrhage. Resuscitation with EP mitigates systemic TNF and high mobility group B protein-1 (HMGB1) levels, and induces a complete and lasting protection against lethal hemorrhage in both normal and splenectomized animals. EP was particularly efficient at inhibiting TNF levels in the heart and the spleen. At the molecular level, EP inhibited poly(ADP-ribose) polymerase (PARP) activation and attenuated p65RelA DNA binding. EP might be a promising anti-inflammatory supplement to improve survival during resuscitation. Hemorrhage. Animals were anesthetized by inhalation of isoflurane (5% induction, 2% maintenance; Minrad, Buffalo, NY) and subjected to surgical catheter placement into the femoral artery and vein using femoral artery catheter (Braintree Scientific, Braintree, MA). To avoid blood clot and maintain catheter patency, the catheters were flushed with 1% heparin solution immediately before placement. Heparin was not used in vivo during the experiment or observation period in agreement with previous publications (29) . After the catheter implantation, the blood pressure and the heart rate were recorded for 15 minutes to establish a physiologic baseline. Then, the animals were subjected to hemorrhage for 15 minutes to reach a mean arterial blood pressure of 35-40 mm Hg and subsequent maintenance of this blood pressure by contin-ued blood withdrawal for another 15 minutes. After the shock phase, resuscitated animals received specific resuscitation treatment over 40 minutes with a limited volume of 15 mL/kg (equivalent to 1000 mL of Hextend in a 70-kg man). Hextend was purchased from BioTime (Berkeley, CA). Shed blood was considered lost and it was not reinfused. Heart rate, mean arterial blood pressure, shed blood volume, and intravenous fluid volume were continuously monitored and recorded. After resuscitation treatment, the anesthesia was stopped and the animals were allowed to recover from anesthesia and housed individually in regular cages. Splenectomy was performed in a subgroup of Harlen Sprague-Dawley animals as described previously (30) . Briefly, the spleen was identified following a midline laparotomy incision, and removed after appropriate blood vessel ligation. Sham animals underwent laparotomy without splenectomy.
MATERIALS AND METHODS
Blood Chemistry and Cytokine Measurement. Activation blood was collected at 2 hours after the hemorrhagic shock and analyzed using the i-Stat blood analyzer (Abbot Laboratories, Abbott Park, IL). Lung function was assessed by analyzing blood gases including total and partial carbon dioxide (TCO 2 , PCO 2 ), bicarbonate (HCO 3 ), pH, and the base excess of extracellular fluid. The organ function tests included anion sodium, potassium, chloride, anion gap, total plasma protein, and blood urea nitrogen. Blood chemistry also included glucose, hematocrit, and hemoglobin. The systemic inflammatory status was assessed by analyzing critical proinflammatory cytokines and cardiodepressant factors such as TNF and high mobility group box (HMGB)-1. TNF concentration in mouse serum and in conditioned media from mouse leukaemic monocyte macrophage cell line 264.7 cell cultures was measured by enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN). HMGB1 was analyzed by Western blot as previously described (31) .
Nuclear factor-kappa B and PARP Analyses. Homogenates were normalized by protein concentration, and the activation of the nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IB␣) was analyzed by Western blot by using anti-IB␣ polyclonal antibody ab7217 and antiphosphorylated-IB␣(phospho S32 ϩ S36) monoclonal antibody (clone39A1431) ab12135 (Abcam; Cambridge, MA). Mouse monoclonal [Ac-15] to beta actin anti-␤-actin protein was used for Western blot as loading control. Transcriptional activity of splenic nuclear factorkappa B (NF-B) was analyzed by TransAM DNA-binding enzyme-linked immunosorbent assay (Active Motif; Cambridge, MA) following manufacturer's instructions. The results were confirmed by electrophoretic mobility-shift assay from nuclear extracts performed as previously described (31) . PARP activity in organ homogenates was analyzed using a commercially available kit (R&D Systems, Cat#4677-096K) following the manufacturer's instructions. Protein levels were measured using the Bradford method (Bio-Rad, Hercules, CA), and PARP activity was normalized to protein content.
Statistical Analyses. All data in the figures and text were expressed as mean Ϯ SD. Analyses of normality and homogeneity of variance were performed to verify the assumptions of analysis of variance. Data were log transformed where applicable. Statistical analyses were performed using the one-way analysis of variance with the Bonferroni's correction. Analysis of variance was used to compare all treatments and specific pairwise comparisons as stated in the experiments particularly to compare control vs. Hextend, Hextend vs. HEP (Hextend containing 50 mM EP), and control vs. HEP. The Student's t test was used to compare mean values between two experimental groups. Statistical analyses of survival were determined using the log-rank test. Kaplan-Meier product-limit method was used for survival graphs. A p value Ͻ0.05 was considered statistically significant.
RESULTS

EP Provides Therapeutic Potential to
Resuscitation Fluids. Hemorrhagic shock required withdrawing 21 Ϯ 4.3 mL blood/kg body weight and the maintenance of that blood pressure for 15 minutes required another 7 Ϯ 2.7 mL blood/kg body weight. All animals without resuscitation treatment (NR; n ϭ 10) did not re-establish normal blood pressure ( Fig. 1A) , and died within the first 5 hours after shock ( Fig. 1B) . Resuscitation with Hextend (HXT) protected 11% of the animals in a statistically insignificant manner (n ϭ 9; p Ͼ 0.05 vs. NR, log-rank test). The addition of 50 mM EP to the Hextend solution (HEP50) provided a sta-tistically significant therapeutic potential and all the animals resuscitated with 50 mM EP survived (n ϭ 7; p Ͻ 0.01 vs. NR; p Ͻ 0.05 vs. HXT, log-rank test). EP improved survival in hemorrhagic shock in a concentration-dependent manner (Fig.  1C ). Addition of 25 mM EP to Hextend significantly protected 72% of the animals with hemorrhagic shock (n ϭ 7; p Ͻ 0.05 Hextend ϩ EP25 mM vs. Hextend, log-rank test), whereas 5 mM EP did not induce a statistically significant protection (p Ͼ 0.05 Hextend ϩ EP5 mM vs. Hextend, log-rank test). Our analyses excluded the animals that died during the surgical procedure and counted only those animals that completed the resuscitation treatment. All nonsurviving animals died within the first 8 hours after hemorrhagic shock. All the animals that passed this critical period, survived the hemorrhagic shock, and when no late deaths were found the animals were followed up for up to 7 days.
EP Prevents Systemic Inflammation During Hemorrhage. Characteristic pathologic markers of hemorrhage were assessed by arterial blood chemistry analyses. Blood was collected at 2 hours after hemorrhagic shock, which is approximately 30 minutes before the average time of death for the control animals without resuscitation treatment (161 Ϯ 26 minutes). Animals without resuscitation were characterized by uremia, metabolic acidosis, and hyperglycemia (NR; n ϭ 5; Fig. 2 ). Animals without resuscitation showed high levels of blood urea nitrogen (NR ϭ 24 Ϯ 3.5 mg/dL vs. control ϭ 13 Ϯ 0.5 mg/dL; n ϭ 5/group, p Ͻ 0.05; Fig. 2A ) representing a moderate renal failure. Although resuscitation with Hextend or Hextend supplemented with EP improved survival, they did not prevent uremia (n ϭ 5/group, Fig. 2A ). Hemorrhagic animals without resuscitation also showed metabolic acidosis that was associated with elevated anion gap ( Fig.  2B and C) , low levels of bicarbonate ( Fig.  2E) , and hypochloremia (Fig. 2D ). Resuscitation with Hextend prevented metabolic acidosis and reestablished normal values of anion gap and bicarbonate but not hypochloremia. Hemorrhage caused a significant hyperglycemic response (NR ϭ 561 Ϯ 39 mg/dL vs. control ϭ 173 Ϯ 12 mg/dL; n ϭ 5/group, p Ͻ 0.05; Fig. 2F ) that was prevented by both resuscitation with Hextend and Hextend supplemented with 50 mM EP (Fig. 2F) .
The most significant effect of EP was the inhibition of proinflammatory and cardiodepressant factors including TNF and HMGB1 (32, 33) . Hemorrhageinduced lethal systemic TNF responses were not prevented by resuscitation with Hextend (NR ϭ 144 Ϯ 28 pg/mL; n ϭ 12/group, Fig. 3A ). However, resuscitation with Hextend containing EP prevented this lethal response (28 Ϯ 7 pg/ mL, n ϭ 12/group, p Ͻ 0.05 vs. NR and HXT) inducing serum TNF levels statistically similar to those of control animals (p Ͼ 0.05 HEP vs. control animals without hemorrhage). Serum HMGB1 levels were analyzed by Western blots at 2 hours after the shock. Hemorrhage induced a lethal systemic HMGB1 response that was not prevented by resuscitation with Hextend ( Fig. 3B ). However, EP prevented this systemic HMGB1 response.
Next, we analyzed the effects of EP in specific organs (Fig. 4 , n ϭ 6/group). Resuscitation with Hextend attenuated TNF levels in most of the organs but not in the heart. Resuscitation with Hextend supplemented with EP induced a major effect inhibiting TNF levels in the heart and the spleen by 66% and 80%, respectively. Real-time polymerase chain reaction confirmed that EP inhibited TNF production in the spleen and the heart at the transcriptional level (data not shown) similar to that in macrophages (17) . Splenic TNF levels of those animals resuscitated with EP were statistically similar to control animals without hemorrhage ( Fig. 4D , p Ͼ 0.05 HEP vs. control animals without hemorrhage, n ϭ 6/group).
Pharmacologic Implications of the Spleen in Resuscitation During Hemorrhage. The pharmacologic implications of the spleen during resuscitation were studied in splenectomized animals with hemorrhage as described earlier (30) . Blood chemistry analyses showed that hemorrhage induced similar effects in normal and splenectomized animals. Hemorrhage in splenectomized animals (n ϭ 5/group) induced similar uremia, metabolic acidosis, and hyperglycemia ( Fig. 5 ), but a potential milder hypochloremia and anion gap ( Fig. 5C and D) than to that found in normal animals. Again, the most significant effect of EP was found on the inflammatory responses. Surprisingly, splenectomy exacerbated the systemic TNF levels during resuscitation (n ϭ 4/group, Fig. 6A ). These higher serum TNF levels correlated with higher TNF levels in the liver of splenectomized animals but not in the lung or the heart. Resuscitation with Hextend attenuated serum TNF levels during resuscitation (n ϭ 4/group, p Ͻ 0.01 control vs. HXT, Fig. 6B ). However, resuscitation with Hextend supplemented with EP was more effective, and there were no statistical differences between the TNF levels of these animals and control rats (n ϭ 4/group, p Ͼ 0.05 control vs. HEP50, Fig.  6B ). Resuscitation with Hextend attenuated TNF levels in the lung and the liver but not in the heart as compared with the animals without resuscitation. Similar to normal animals, resuscitation with Hex- tend supplemented with 50 mM EP attenuated TNF production in all the organs but particularly in the heart.
EP Inhibits the NF-B Pathway and PARP During Resuscitation. NF-B binding to DNA was analyzed by electrophoretic mobility-shift assay in different organs at 2 hours after hemorrhage (Fig.  7A) . Resuscitation with Hextend enhanced NF-B activation, whereas resuscitation with Hextend supplemented with EP inhibited p65RelA binding to DNA. We also analyzed its effect on IB␣ phosphorylation, the first step in the activation of the NF-B transcriptional com-plex. IB␣ was analyzed by Western blot using anti-IB␣ polyclonal antibody and antiphosphorylated-IB␣ (phospho S32 ϩ S36) monoclonal antibody in homogenates normalized by protein concentration (Fig. 7B) . Actin protein was used as loading control. Hemorrhage was characterized by a phosphorylation of splenic IB␣ at the serines 32 and 36. Resuscitation with either Hextend or Hextend supplemented with 50 mM of EP did not prevent IB␣ phosphorylation. We also analyzed the effects of EP on PARP, a regulator of NF-B and HMGB1 (34 -37) . Hemorrhage caused PARP activation, and resuscitation with Hextend did not prevent it. However, resuscitation with Hextend supplemented with EP inhibited PARP activity in the liver during resuscitation (Fig.  7C) . Similar results were observed in the spleen (data not shown).
DISCUSSION
Conventional resuscitation fluids are designed to re-establish tissue perfusion, but they fail to prevent deleterious inflammatory responses. For instance, resuscitation with Hextend re-established arterial blood pressure and tissue perfusion, but still 89% of the animals died within the first 6 hours after hemorrhage. Indeed, resuscitation can exacerbate systemic inflammatory responses that can be more dangerous than the original hemorrhage. Here, we report that all the animals resuscitated with Hextend supplemented with 50 mM EP survived hemorrhagic shock. These results are consistent with previous studies showing the potential of EP to prevent the permeability of the ileal mucosa during resuscitation (22) (23) (24) . As compared with these previous studies, our results are particularly significant in four considerations. First, this is an experimental model of severe hemorrhage with more than 75% of estimated blood volume lost. Second, shed blood was considered lost and it was not reinfused. Furthermore, animals were treated with a small volume of 15 mL/kg resuscitation (equivalent to 1000 mL of Hextend in a 70-kg patient) that represents approximately 50% of the total shed blood volume. Third, our studies use Hextend as a control solution. This is a critical consideration as recent studies indicate that resuscitation with Hextend prevents multiple organ injury (9) and improves short-time survival as compared with saline (10). Indeed, unlike previous studies, all our animals resuscitated with control solution survived the initial response (Ͻ4 hours), but 90% died in the secondary inflammatory phase 4 -10 hours postresuscitation. Fourth, the animals were followed up for up to 1 week to analyze the total survival including late deaths. Together, these considerations are of particular interest in scenarios of limited supplies including critical care of both military operations and civil mass casualties. These considerations are particularly pronounced on the battlefield characterized by low supplies of resuscitation fluid, long transport times to a medical facility, and hemorrhage associated with exacerbated inflammatory responses produced by collateral trauma.
The most significant results correlating with the therapeutic potential of EP during resuscitation were its antiinflammatory potential to inhibit systemic inflammation similar to that described in other studies including experimental sepsis (16 -20) . However, a recent study indicates that a single dose of EP administered at the same time as lipopolysaccharide may worsen survival in endotoxemia (26) depending on the dose and time of administration (27) . These studies are of particular interest because a phase II trial using EP in cardiopulmonary bypass has recently been terminated after the enrollment of 102 patients; yet the final results have not been reported (28) . Because our studies indicate that some anti-inflammatory compounds are not effective in splenectomized animals (30) , we have analyzed the effects of EP in specific organs and splenectomized animals. Our previous studies indicate that the spleen is a major source of systemic TNF, and inhibition of TNF production in the spleen can prevent cardiovascular shock in experimental sepsis. The vagus nerve and cholinergic agonists prevent systemic inflammation during endotoxemia by inhibiting TNF production in the spleen (30) . Splenectomy moderated systemic TNF levels and abolished the anti-inflammatory potential of these strategies (30) . Likewise, here we report that EP is particularly efficient in attenuating TNF levels in the spleen during resuscitation. In contrast to septic shock, splenectomy failed to prevent systemic inflammation in hemorrhagic shock. Actually, serum TNF levels during hemorrhagic shock were significantly higher in splenectomized than in nonsplenectomized animals. These higher serum TNF levels in splenectomized animals correlated only with higher TNF levels in the liver. One potential explanation is that splenectomy may prevent the regulation of hepatic TNF production induced by the splenic release of anti-inflammatory cytokines such as transforming growth factor-␤ into the splenic and portal vein. These results reveal a fundamental difference between the systemic inflammatory response in experimental sepsis and hemorrhage. From a pharmacologic perspective, EP significantly attenuates systemic and cardiac TNF levels in normal animals. This antiinflammatory potential of EP was significantly diminished in splenectomized animals as compared with the resuscitation with Hextend. These results indicate that the spleen and the heart can contribute directly to the anti-inflammatory potential of the EP. They also imply that the anti-inflammatory and therapeutic potential of EP could be compromised in patients with traumatized or dysfunctional spleen (30) or during cardiopulmonary bypass. Future studies are needed to determine the anti-inflammatory potential of EP in different clinical populations.
Our previous studies indicate that EP prevents NF-B activation in RAW264.7 macrophage cells (16, 17) . Han et al (39) further analyzed the mechanism showing that in a cell-free system, binding of p50 homodimers to an NF-B consensus oligonucleotide sequence was unaffected by EP over a wide range of concentrations, indicating that EP probably does not modify or interact with the p50 subunit of NF-B. In contrast, EP inhibited DNA binding by ectopically overexpressed wild-type p65 homodimers in human embroynic kidney 293 cells. However, EP failed to inhibit the DNA-binding activity of homodimers of an overexpressed mutant form of a p65 with substitution of serine for cysteine 38 (39) . Taken together, these results suggest that EP inhibits DNA binding by covalently modifying p65 at the cysteine position (38, 39) .
Here, we report that EP inhibits p65RelA DNA binding without affecting IB␣ phosphorylation during resuscitation. These results constitute the first evidence of the anti-inflammatory mechanism of EP in vivo. In addition to NF-B, EP also inhibited the activation of PARP. This result has significant implications as PARP inhibitors or PARP deficiency provides survival benefit and prevents organ injury in hemorrhagic shock (35) (36) (37) 40) and it provides an additional mechanism for the anti-inflammatory potential of EP. PARP activation is known to promote cell death via necrosis (41, 42) and PARP inhibitors abrogate HMGB1 release in necrotic cells (34) . Thus, the inhibition of PARP may explain the regulation of systemic HMGB1 by EP during resuscitation. In addition, as PARP regulates NF-kB and PARP inhibitors suppress the production of proinflammatory cytokines (37) , the inhibition of PARP may contribute to the regulation of NF-kB by EP. As EP has been shown to act as an antioxidant (43) , this could be a potential mechanism to modulate PARP. These results warrant future studies to determine the effect of EP in other critical pathways contributing to hemorrhagic shock.
EP inhibited systemic HMGB1 levels during resuscitation. Originally described as an intracellular protein, HMGB1 can be released into the extracellular milieu where it functions as an inflammatory cytokine (1, 44 -46) . Extracellular HMGB1 acts as a proinflammatory cytokine that causes abrupt cardiac standstill (32, 33) , intestinal dearrangement (47), acute lung injury (48) , and sustains the inflammatory response by activating im-mune cells (46) . HMGB1 appears to be a pharmacologic target for hemorrhagic shock as: a) serum HMGB1 levels are increased in patients with hemorrhagic shock (49) and b) inhibition of HMGB1 activity with neutralizing antibody significantly decreased liver damage after ischemia and reperfusion (50) . Our previous studies supported HMGB1 as a late pharmacologic target for systemic inflammation because it appeared in the serum at 18 -24 hours after the induction of sepsis. However, this study shows an "early" serum HMGB1 level at only 2 hours after hemorrhage (16, 17) . Recent studies also reported similar "early" extracellular HMGB1 release after hepatic ischemia/ reperfusion (50) . These differences between "late" secretion in sepsis and "early" release in hemorrhage may be explained by two different mechanisms of HMGB1 production (46) . The first mechanism may represent a time-consuming "active secretion" from immune cells to act as a proinflammatory cytokine during an immunologic challenge, such as sepsis (51) . The second mechanism may represent a "passive release" of HMGB1 from damaged or necrotic cells during hemorrhage. In this hemorrhagic scenario, HMGB1, an intracellular protein, can represent an optimal signal selected by the innate immune system to recognize tissue damage and initiate reparative responses (52) . From an immunologic perspective, HMGB1 depicts a characteristic "necrotic marker" or damage-associated molecular pattern molecule (53, 54) . This emerging family of specific intracellular proteins symbolizes optimal chemotactic markers selected by the innate immune system to recognize tissue damage and initiate reparative responses (55, 56) . From a pathologic perspective, HMGB1 can be used as a marker for cellular necrosis and tissue injury. In this sense, resuscitation with EP, but not Hextend, prevented serum HMGB1 levels confirming its therapeutic potential. From the study, we suggest that EP seems to provide therapeutic anti-inflammatory potential to advanced resuscitation fluids, which limit critical inflammatory and cardiodepressant factors during resuscitation.
